Objective: To perform a systematic review of interventions used to reduce adverse events in surgery. Background: Many interventions, which aim to improve patient safety in surgery, have been introduced to hospitals. Little is known about which methods provide a measurable decrease in morbidity and mortality. Methods: MEDLINE, EMBASE, and Cochrane databases were searched from inception to Week 19, 2012, for systematic reviews, randomized controlled trials (RCTs), and cross-sectional and cohort studies, which reported an intervention aimed toward reducing the incidence of adverse events in surgical patients. The quality of observational studies was measured using the Newcastle-Ottawa Scale. RCTs were assessed using the Cochrane Collaboration's tool for assessing risk of bias. Results: Ninety-one studies met inclusion criteria, 26 relating to structural interventions, 66 described modifying process factors. Only 17 (of 42 medium to high quality studies) reported an intervention that produced a significant decrease in morbidity and mortality. Structural interventions were: improving nurse to patient ratios (P = 0.008) and Intensive Care Unit (ITU) physician involvement in postoperative care (P < 0.05). Subspecialization in surgery reduced technical complications (P < 0.01). Effective process interventions were submission of outcome data to national audit (P < 0.05), use of safety checklists (P < 0.05), and adherence to a care pathway (P < 0.05). Certain safety technology significantly reduced harm (P = 0.02), and team training had a positive effect on patient outcome (P = 0.001). Conclusions: Only a small cohort of medium-to high-quality interventions effectively reduce surgical harm and are feasible to implement. It is important that future research remains focused on demonstrating a measurable reduction in adverse events from patient safety initiatives.
Exclusion
Reviews, conference proceedings, editorials, opinions, and case reports or case series as well as articles relating to nonsurgical specialties were excluded. Interventional radiology, cardiology, and gastroenterology were not included. Studies describing modifications in surgical technique to decrease intraoperative error were not included as the authors deemed these beyond the scope of this article. Initiatives shown to decrease mortality or length of stay (LOS) without demonstrating a decrease in adverse events were considered not specific enough for this review. It was necessary to show that a specific intervention measurably reduced patient harm, leading to a decrease in cohort mortality or LOS. Reduction in LOS or mortality alone may be unrelated to an intervention-specific improvement in patient safety. Numerous studies have been performed, which show decreased mortality as a result of new surgical interventions but are not due to decreasing adverse events, but in fact due to reducing effects of preexisting comorbidities or improving operative technique. These studies were excluded to distil out the studies that specifically improve patient safety. Studies detailing medication errors have been examined exhaustively and therefore were excluded.
The following electronic databases were systematically investigated: Medline [Ovid Medline (R) 1946-2012; week 19], EMBASE (1974-2012; week 19) , and the Cochrane Library (see Supplemental Appendix 1, available at http://links.lww.com/SLA/A494). Two reviewers (A.M.H. and S.P.) screened abstracts and disagreements were resolved through consultation with a third reviewer (E.M.B.). Reference lists of key articles were manually searched for pertinent studies.
For each study, details on design, setting, surgical subspecialty, aims, intervention, outcome, study length, and number of patients were extracted using a preset data extraction form.
Data Analysis
Descriptive and quantitative data analyses were performed. Summary measures used were odds ratio (OR) of effect of intervention or percentage decrease in incidence of adverse event, LOS, and mortality. Studies were divided into those who sought to improve structure or process factors. Structure factors relate to fundamental hospital elements such as staff and equipment. Process refers to the implementation of care. 9 Within this Donabedian classification, the studies were further classified into groups describing particular types of intervention. These subclassifications were surgical subspecialization, staffing factors, benchmarking, checklists, care pathways training, safety technology, and a combination of these interventions.
Studies relating to the volume outcome relationship were not included. Changes in overall caseload within an institution are difficult to achieve without widespread reconfiguration of health care services. For the purposes of this review, this was deemed to be beyond the scope of the analysis.
Quality Assessment for Individual Studies
Cohort and case-control studies were quality assessed using the Newcastle-Ottawa Scale. 10 High-quality studies were those that attain the maximum score of 9; 7 or 8 was classed as medium quality and the remainder were deemed to be of low quality. 11 RCTs were appraised using the Cochrane Collaboration's tool for assessing risk of bias. 12 The quality of the studies underwent assessment by 2 reviewers (A.M.H. and S.P.). Detailed analysis was only performed for observational studies (cohort studies and case-control studies) with a medium-to high-quality scoring and RCTs
RESULTS

Study Characteristics
Ninety-one studies met selection criteria ( Fig. 1 ). There were 9 RCTs and 83 observational studies (cohort, case-control, or crosscorrelation studies). The interventions were subdivided into studies where the intervention examined changes to hospital structural factors (26) or changes to process factors (65) (see Supplemental Appendix 2, available at http://links.lww.com/SLA/A494). There were 86 studies, related to volume-outcome relationship, which were not included in this review as this was deemed to be beyond the scope of the review.
Quality Assessment
Of the observational studies selected, 33 were scored as medium to high quality on the Newcastle Ottawa scale (see Supplemental Appendix 3, available at http://links.lww.com/SLA/A494). Nine RCTs were scored using the Cochrane Collaboration's tool (see Supplemental Appendix 4, available at http://links.lww.com/SLA/ A494). The results of the RCTs, medium-and high-quality studies, were analyzed further.
Studies Investigating Structural Interventions
The structural interventions were categorized into studies improving staffing factors (16 observational studies) and studies investigating surgeon subspecialization (10 observational studies). [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 
Staffing Factors
Four studies, which examined staffing factors, were of medium quality and the rest were scored as low on the Newcastle Ottawa scale. 19, [30] [31] [32] Having daily intensive care unit (ICU) physician ward rounds for surgical patients decreased the risk of sepsis [OR: 0.56; 95% confidence interval (CI): 0.91-0.99]. 32 Increasing nurse to patient ratios reduced failure to rescue (OR: 0.94; 95% CI: 0.89-0.99), and employing nursing staff with bachelor degrees significantly decreased rates of adverse events (OR: 0.95; 95% CI: 0.91-0.99). 19, 31 Increasing the number of junior surgeons did not have a significant effect on adverse events (Table 1) . 30 
Subspecialization
Significant reduction in adverse events were described in 2 of the 4 medium-to high-quality observational studies, both concerning the reduction of complications postcolorectal surgery through the use of specialty trained colorectal surgeons. 27, 29 Zorcolo et al found a 9.72% (6.78% vs 16.5%) reduction in wound infection postspecialization of services (P = 0.007); Biondo et al found a 5.90% (6.20% vs 12.1%) decrease in anastomotic leak rate (P = 0.01) but no significant effect on reoperation rate. This effect was independent of the operative volume ( Table 2 ).
Studies Investigating Process Interventions
Of the 65 studies (9 RCTs and 56 observational studies), 33 were of sufficient quality for detailed analysis. Benchmarking A significant reduction in all adverse events was observed as a result of hospitals enrolling in the American College of Surgeons National Surgical Quality Improvement Program (mean improvement: 0.11, P = 0.05), and benchmarking of results reduced recurrence rate for hernia repair, though this was not statistically significant (Table 3) . 33, 36 Weiser and colleagues 78 found a 6.70% (11.7% vs 18.4%) decrease in adverse events (P = 0.001) and van Klei and colleagues 80 found a reduced adverse event rate when the checklist was implemented in the Netherlands (OR: 0.60; 95% CI: 0.60-1.40). Haynes et al, 82 found a 3.00% decrease in adverse events (P = 0.001) from checklist use in an international study in a variety of surgical procedures. Another cohort study examining a surgical inpatient checklist: a perioperative surgical patient safety system "SURPASS" showed reduced adverse events [relative risk (RR): 10.60; 95% CI: 8.70-12.40)] and mortality rates (RR: 0.70; 95% CI: 0.20-1.20) (Table 4 ). 76 Checklists were featured in other studies but these were deemed of low quality and hence were not included in this analysis (see Supplemental Appendix 2, available at http://links.lww.com/ SLA/A494). 74, 75, 77, 79, 81 n/a n/a n/a n/a indicates not reported by paper; numbers in bold denote statistically significant results. 
Interquartile Range
Tu et al 26 5878 1992-1996 Canada Retrospective cohort study Vascular Subspecialization n/a n/a n/a n/a n/a 0.617 0.45-0.85 0.003 n/a n/a Heldenberg et al 28 75 1991-1996 Israel Cohort study Colorectal Subspecialization All adverse events 6.40 n/a 0.019 n/a n/a n/a n/a n/a n/a 0.001 n/a n/a n/a n/a n/a 
Multiple Process Interventions
Four studies combined all of the described process interventions. Only 1 of the 4 studies was of suitable quality. This study, in the United States, addressed the effect of following a set of National Quality Forum safety practices and showed that compliance did not correlate with reduction in adverse events (OR: 1.13; 95% CI: 1.03-1.25) ( Table 3 ). 83 
Safety Technology
Three studies were of sufficient quality for analysis. Utilizing a computerized risk assessment program had no effect of 30-day deep vein thrombosis [reduction in rates by 1.25% (1.50% vs 0.25%) (P = 0.12)]. 87 Tele-ICU systems reduced postoperative respiratory complications (OR: 0.15; 95% CI: 0.09-0.23) and coded sponge detection systems significantly reduced retained swabs by 0.02% (0.00% vs 0.02%) (P = 0.001) ( Table 5 ). 88, 89 Training A cohort study in the United States assessed the effect of medical team training and showed a significant reduction of all postoperative adverse event (RR: 0.83; 95% CI: 0.82-0.84; P = 0.001). 90 An RCT assessing using a training program including role play and video teaching to reduce adverse events produced an 1.05% (2.14% vs 3.19%) decrease but this was not significant (P < 0.05). 91 Using video to educate on safety practices was effective in preventing needle-stick injuries (OR: 0.50; 95% CI: 0.43-0.91) ( Table 5) . 90, 91, 95 
Care Pathways
Thirty-eight studies met the inclusion criteria, but only 20 were medium-to high-quality observational studies or RCTs. Of these higher quality studies, 9 were related to enhanced recovery colorectal pathways ( Table 6) . [46] [47] [48] [49] [59] [60] [61] [62] 97 Two cardiothoracic studies, 1 neurosurgical paper and 3 colorectal studies, showed a significant decrease in adverse events. 39, 42, 47, 55, 61, 62 Eleven studies showed a nonsignificant decrease in adverse events. 41, 48, 54, 57, 59, 60, 64, 66, 69, 72, 97 Three studies conversely showed a nonsignificant increase in adverse events. For colorectal patients, Kariv et al 46 (Table 7) .
DISCUSSION
A systematic review of all methods used to reduce surgical harm has not been undertaken previously. The structural interventions that significantly reduced adverse events in surgery were improving nurse to patient ratios and having ICU physician involvement for surgical postoperative patients. Subspecialization in surgery reduced error, independently of the volume-outcome relationship. Effective process factors included submitting surgical outcome data to national audit, using a checklist to safeguard against error and adhering to a care pathway. Using certain safety technology significantly enables reduction in harm, and team training has a positive effect on patient outcome. Most of these interventions have few medium-to highquality cohort studies to provide evidence of benefit.
Care pathways were the most widely researched intervention. Of the 20 included studies, only 6 showed significant reduction in adverse events. Three were colorectal: 1 orthopedic, 1 cardiothoracic, and 1 neurosurgical. Another 11 studies did show benefit but this was not significant, and 3 showed a nonsignificant increase in harm. This heterogeneity may result from most studies being powered to reduce LOS rather than to reduce adverse event rate. n/a n/a n/a n/a n/a n/a n/a Stringer et al 95 n/a n/a n/a n/a n/a n/a n/a n/a Re-operation decrease% (P)
1.00 (0.80) n/a n/a n/a n/a n/a n/a n/a n/a Cardiorespiratory event decrease % (P) n/a n/a n/a 11.40 (>0.05) n/a n/a n/a n/a n/a n/a indicates not included in paper; numbers in bold denote statistically significant results. n/a n/a n/a n/a n/a n/a n/a indicates not reported by paper; numbers in bold denote statistically significant results.
There was variation in outcome for colorectal care pathway studies. This may be explained by the differences in recovery pathways used; the 2 nonsignificant negative outcome studies had fewer steps in the pathway, focussing only on early diet and mobilization and were of lower quality. The studies showing benefit all deliberately assessed and ensured pathway compliance. The 3 studies showing significant benefit were either higher quality cohort studies or RCTs and specifically addressed complications and patient safety as endpoints and this may account for the significant effect (Table 6 ). Care pathways appear to be beneficial overall; however, focussed studies using reduction in harm as an outcome would substantiate this conclusion.
The strongest evidence-based interventions identified were care pathways and surgical safety checklists, and these can be recommended for implementation into surgical care.
Comparison With Other Literature
The approach of this systematic review is similar to a recently published series in the Annals of Internal Medicine, which reviewed medical patient safety strategies and their evidence basis. [98] [99] [100] [101] [102] This review is the first to address measurable success in the literature of surgical safety. The findings of this review concur with other reviews that examined the impact of an individual intervention. Pronovost and colleagues systematically reviewed ICU physician staffing and patient outcome and found that high-intensity staffing reduced mortality and LOS. Adverse event rate was not specifically addressed. 103 Care pathways are well described in the literature; most trials are concerned with LOS and 30-day mortality as outcomes. The Cochrane review performed by Spanjersberg and colleagues 104 examined fast-track surgery pathways in colorectal surgery, and 5 of their studies were included in this analysis. Spanjersberg et al showed a decrease in overall complications, which is consistent with our findings. Similar to the findings of our study, Spanjersberg et al commented that methodological quality was poor. Lemmens and colleagues systematically reviewed all digestive surgery care pathways and found a positive but nonsignificant effect on adverse events. 105 Hall and colleagues 106 performed a systematic review of enhanced recovery programmes in hepatobiliary surgery. They demonstrated reduced LOS with no significant change in morbidity.
Borchard and colleagues 107 in a systematic review found the use of checklists in surgery-reduced complication rates and mortality. The studies included by Borchard et al did not examine adverse event rate as a primary outcome but showed a beneficial effect on the incidence of harm as a result of checklist use. The literature regarding the importance of medical team training in nontechnical skills is vast. Although one systematic review by Hull and colleagues 108 showed a relationship between team-training and technical intraoperative performance, few studies, however, address the effect on patient outcome.
Strengths and Limitations of the Study
The difficulties in reviewing the literature on evidence-based safety initiatives are well described. 5 Every effort was made to ensure that all studies available were included by using more than 60 search terms in the 3 largest medical databases and reviewing 12,093 abstracts as well as hand searching reference lists to ensure no papers were missed. However, we recognize that the grey literature may contain further useful studies related to this topic. Proving improved safety through other metrics such as improved quality of life scores as a result of decreased harm may also be a future avenue for research. There were many studies found in the literature, but most were of low quality with few RCTs and were underpowered to show a measurable reduction in adverse event rate. Few proposals exhibit evidence of improved outcome, and although many interventions such as team training, preoperative technical simulation, or care pathways are intuitively beneficial, very few studies are able to demonstrate significant results of decreased harm. There is no doubt that qualitative research is of great importance, particularly when objectively measuring the effect of new safety innovations is fraught with bias and practical difficulties. Improvement science is developing as a field and should remain a diverse and progressive research area, creating impact primarily at a local level, before it is measurable at an organizational level. 109 This review sought to highlight the interventions that are now established enough in practice to show a quantitative benefit. Although not all successful interventions will be measurable in terms of quantifiable patient outcome, this article intends to point clinicians to reproducible practices that have been proven to improve care.
This review did not address interventions that reduce potential harm, but only interventions that reduced a defined adverse event that led to decreased morbidity, mortality, or LOS. It did not include methods to reduce drug administration errors. Interventions to improve non-technical skills, the effects of which are difficult to measure in terms of patient outcome, but have been shown to improve safety culture were also excluded. Improvements in operative technique often lead to decreasing complication rate; however, these studies were too numerous and diverse to be included in this review.
The results of these studies may be confounded by unmeasurable factors, which are not always easy to tease out. Most studies do not assess the impact of cultural norms and human factors such as teamwork, communication, executive decision-making, and leadership that may have a strong bearing on the outcome of interest. 110 Indeed the normalization of deviance has been shown to affect outcomes. 111 We would encourage future research in patient safety to assess the impact of the safety demographics of organizations or teams being studied on the incidence of adverse events.
It is not possible to fully establish a causal relationship between the interventions described and the decrease in adverse events shown; however, we have only included studies that were of a sufficient quality and therefore controlled for other important factors.
Because of heterogeneity of subject groups, end points, and specialties, it was not possible to compare interventions or perform meta-analysis to assess for the most effective method of reducing adverse events. This review is unique in that it specifically focussed on adverse event reduction rate and therefore provided an objective measurement of the safety effect for surgical patients. This approach, in our opinion, provides a strong measure of the success of the safety intervention.
Directions for Future Research
What is surprising from the findings of this review is the lack of high-quality evidence for safety practices in surgery, particularly for safety technologies and safety education or training. This study approached the literature with an aim to demonstrate the interventions that lead to a quantifiable reduction in adverse events. Many studies measure a subjective improvement in safety awareness or culture as opposed to examining relevant outcome measures as the primary endpoint. High-quality longitudinal studies assessing safety interventions are required to demonstrate patient benefit unequivocally. The literature regarding the WHO checklist is one example where this has been successfully achieved. Similar testing should be employed for other readily accepted interventions such as safety training, simulation teaching, and safety technology. Simulation training for endoscopy has been shown to reduce patient discomfort although not complication rate. 99 Virtual reality training for laparoscopic surgery has been shown to reduce technical error rate. It will be important to assess whether this translates into a true reduction in adverse event rates. 112, 113 Studies such as those that examined the WHO checklist required considerable funding and were of a large size to be adequately powered to demonstrate an improvement in outcome. 82 The rewards of such high-quality research are ready translation into clinical practice as demonstrated by the widespread introduction of the WHO checklist to the National Health Service. Quantifiable patient benefit and evidence-based practice are paramount to underwrite changes in surgical services and engage a broad range of health care professionals. The science of patient safety in surgery is a relatively new discipline. To further this research, there is need for a standard method of defining errors, complications, and outcomes. Multiple taxonomies have been described; however, few are specific to surgery. Surgeon-led identification of operation-specific harm may be a potential way to catalogue the adverse events that are important to our profession and would create a clinician-endorsed list of patient safety research priorities. To improve safety in surgery, we need to decide which outcome measures are to be reported in studies. Targeting studies toward reduction of specific adverse events such as postoperative venous thromboembolism, or sepsis, for example, and measuring the effect of interventions on incidence would be a positive step forward in this area of research. Patient perception of harm, or the effect of harm on quality of life, would add greater depth and emphasis to studies. The literature on studies assessing surgical safety is increasing and it behoves researchers to improve the quality of their reported findings. Perhaps now is the time for more well-designed, specific, surgical-safety focussed, randomized controlled trials
CONCLUSIONS AND IMPLICATIONS FOR SURGICAL PRACTICE
By effecting change in structural and process factors as described by this systematic review, surgery may be made safer in a way that is measurable and shows benefit to patients. These include increasing nursing staff, subspecialized services, checklists, team training, safety devices, and care pathways as well as publishing hospital complication results.
Future safety research in surgery should focus on demonstrating interventions that lead to a quantifiable reduction in adverse events.
